The previously introduced three-phase electrode technique was used to determine the Gibbs energies of transfer of ClO 3 Cl,Br,I), and cycloalkyl carboxylate anions ((CH 2 ) n COO À , n ¼ 3,. . .,7) at the water|nitrobenzene interface. Whereas the data for the small inorganic ions can easily be understood in terms of ion-dipole interactions, the data of the organic ions need consideration of charge delocalisation and its effect on the enthalpy and entropy of solvation.
Introduction
The partition of ions between two immiscible solvents plays a very important role in different chemical, pharmacological and biological areas. [1] [2] [3] Standard Gibbs energies of transfer of ions between water and water immiscible solvents are fundamental data indicating their lipophilicity. They are often correlated with biological and pharmacological activity, such as adsorption, cell membrane permeability and hydrophobic binding. 4, 5 Although large and significant progress has been achieved in the last decade, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] standard Gibbs energies of transfer of many common inorganic ions are still not available. 6 One reason for this situation are the limitations of the four-electrode technique. 2 The four-electrode potentiostatic measurements at the interface of two immiscible electrolyte solutions (ITIES) provide a rather narrow window of DG values. The available potential window in these measurements is determined by the standard transfer potentials of the electrolyte ions present in the organic phase. When TPhAs + TPhB À (tetraphenylarsonium tetraphenylborate) is used as an electrolyte in the organic phase, theoretically, the available potential window ranges from À350 to 350 mV. 2, 6 However, in practise, this potential window is reduced to À300 to +300 mV or even less, as a result of earlier ascending currents. As a consequence, in some cases less reliable data have been reported in the literature, with values of DG falling close to the end of the potential window. Recent modifications in the four-electrode technique allowed an expansion of the potential window in ITIES experiments by measurements at microhole interfaces [7] [8] [9] [10] [11] [12] or indirectly by coupling of chemical equilibria in both phases. 7, [17] [18] [19] [20] However, the non-polarizability of some organic solvents (e.g. n-octanol, menthol, etc.) or poorly defined interfaces between water and several organic solvents restrict the use of the four-electrode measurements to some organic solvents, mainly nitrobenzene, 1,2-dichlorethane, and nitrophenyl octyl ether. 2, 6, 7, [14] [15] [16] 21, 22 Further, the application of the dropping electrolyte electrodes has produced data for which even the authors stated '' an uncertainty of a few kJ mol À1 ''. 23 These uncertainties are mainly due to the unreliable determination of polarographic half-wave potential as well as due to estimated data of diffusion coefficients and activity coefficients of the studied ions, parameters which are necessary to estimate the standard transfer potentials. 23 Of course, more recently the data have been mainly obtained by linear sweep voltammetry or AC voltammetry, i.e. they are more reliable. 2, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] The electrochemical technique introduced by one of us 24 and successfully applied to a number of systems [25] [26] [27] [28] [29] explores a so called '' three-phase electrode '' and conventional threeelectrode instrumentation. With this technique standard Gibbs energies for the water/nitrobenzene system can be determined in the range from À41 to +37 kJ mol À1 , 28 without coupling of solution equilibria. Moreover, the absence of an electrolyte in the organic phase and lifting of the restriction to polarized liquid-liquid interfaces allowed application of this technique to solvents with rather low dielectric constants, such as n-octanol, and even melts of L-and D-menthol. 25, 29 Here, we show that this technique allows also the determination of reliable and reproducible standard Gibbs energies of transfer of
À , of halogen substituted acetate ions, and cyclocarboxylate anions, and we discuss the factors determining these data.
Experimental conditions
A droplet of 2 mL of a 0.1 mol L À1 solution of decamethylferrocene (dmfc) (Acrö s Organics) in water saturated nitrobenzene (NB) was attached to the surface of a paraffin impregnated graphite electrode (PIGE) by help of an Eppendorf-type pipette. The fabrication of the PIGE is described elsewhere. 30 The electrode with the attached droplet was immersed into an aqueous electrolyte solution, and the electrochemical oxidation of dmfc in that three-phase arrangement was studied utilizing a three electrode potentiostat. Squarewave (SW) voltammetry was used for precise measurement of the peak potential, i.e. the formal potential of the system. Due to the short measurement time, the nitrobenzene droplet was stable and no distortion or change of the color of the droplet was observed. SW voltammograms were recorded using the commercial electrochemical measuring system AUTOLAB (PGSTAT 10, Eco-Chemie, Utrecht, The Netherlands). Typical instrumental parameters were: SW frequency f ¼ 100 Hz, SW amplitude E sw ¼ 50 mV, scan increment dE ¼ 1 mV, and starting potential E s ¼ À0.50 V vs. Ag|AgCl. An Ag|AgCl| saturated NaCl solution reference electrode (E ¼ 0.200 V vs. SHE) was used and a platinum wire served as auxiliary electrode. All salts for preparation of the electrolyte solutions were used as purchased. All aqueous solutions were saturated with nitrobenzene. All chemicals used were of analytical grade and all were products of MERCK (Germany). The water used was Millipore Q. All experiments were carried out at 25 C.
Results and discussion
Fig . 1 shows the situation at the three-phase electrode and the insets depict typical voltammograms when dmfc is oxidized at the '' three-phase electrode '' and anions are transferred from water to NB. Although the situation schematically depicted in Fig. 1 is discussed in details elsewhere, [24] [25] [26] [27] [28] [29] we briefly present here its major features in order to enable the reader to understand easier this approach. An electroactive and oxidizable highly hydrophobic neutral compound (e.g. decamethylferrocene (dmfc)) is dissolved in an organic solvent (here nitrobenzene) immiscible with water which does not contain any deliberately added electrolyte. When a droplet of this solution is attached to the working electrode (here a paraffin impregnated graphite electrode (PIGE)) that is immersed in an aqueous electrolyte solution, then the electron transfer reaction occurring at the electrode|nitrobenzene interface has to be accompanied by ion transfer across the water|nitrobenzene interface in order to preserve the electro-neutrality of the organic phase (see Fig. 1 ). Because, initially, no electrolyte is present in the organic phase, the applied potential acts only at the '' line '' where all three phases meet, i.e., at the aqueous/organic/electrode three-phase junction. The redox reaction starts at that three-phase junction and advances toward the center of the droplet (see ref. 27 for instance). What kind of ion transfer will take place, i.e. transfer of anions from the aqueous phase into nitrobenzene, or transfer of the created dmfc + cations from nitrobenzene to water depends on the values of standard Gibbs energies of transfer of the anions and the dmfc + cations across the water|nitrobenzene interface. In any case, the electrode reaction of dmfc in nitrobenzene will be followed by the thermodynamically favored ion transfer. When the oxidation of dmfc in nitrobenzene is accompanied by a transfer of anions from water to nitrobenzene, the potential of the response is strongly dependent on the type and concentration of ions present in the aqueous phase.
The electrode process of dmfc oxidation in the E|NB|W three-phase arrangement can be described by the following reaction:
The following form of the Nernst equation applies to this reaction: 24 ,31 where the formal potential E n 0 c can be defined as:
Here, E + E p,c ) , where E p,a and E p,c are the anodic and cathodic peak potentials, respectively, or from square-wave voltammograms according to E n 0 c ¼ E p,swv , where E p,swv is the peak potential of the square-wave voltammograms. 32 Knowing the standard transfer potential of the anion, one can calculate the standard Gibbs energy of transfer across the water|nitrobenzene interface using eqn. (3):
where f NB and f W are the inner potentials of nitrobenzene and water, respectively. A study of the dependence of the voltammetric peak potentials (or mid-peak potentials in CV) on the logarithm of the concentration of the studied ions in the aqueous phase (see eqn. (2)) serves as a simple indicator whether the ion transfer process is in agreement with the theoretical Nernst dependence. 25, 26, 28, 31, 33 The voltammograms in Fig. 1 show clearly that there is no detectable IR-drop, although there is no electrolyte in the organic phase. That is because the nitrobenzene drop attains a high conductivity due to reaction (I) exactly in the region where the reaction takes place. 34 Moreover, to understand correctly the three-phase electrode reactions, it is important to realize that the liquid-liquid interface (droplet-aqueous solution) is not polarized directly by the electric circuit but indirectly due to the electrochemical formation of the dmfc + X À salt inside the droplet. It is worth noting that this approach for studying the coupled electron and ion transfer across the interface of two immiscible solvents considerably differs from that of Anson et al. [35] [36] [37] [38] [39] [40] First, in our approach, a three-phase junction exists, i.e. the electrode surface is not completely covered with an organic film, as in the case of Anson's experiments. Second, the Anson experiments operate only in the case of a sufficient ionic conductivity of the organic film (see also the recent results of Aoki et al. 41 ) That can be provided by deliberately dissolving an electrolyte in the organic solvent, or by free partition of some rather hydrophobic salts (e.g. organic perchlorates) present initially in the aqueous phase. If Anson's approach were used to try to transfer an anion A À from water to the organic film, one would need to have at least an organic perchlorate in the aqueous phase to achieve film conductivity. If A À is more hydrophobic than perchlorate it would enter the organic filmvia free partition and it could be only expelled by reduction of a previously oxidized amount of dmfc. From the reduction potential it will not be easily possible to deduce the standard potential of ion transfer because the activity of A À due to free partition is not known. If A À is less hydrophobic than perchlorate it could not be transferred at all. In principle the same restrictions exist when a salt is deliberately dissolved in the organic phase. This means that Anson's approach cannot be used for the purpose of determination of the Gibbs energies of ion transfer. In light of the above discussion, the majority of Anson's works are concerned with the determination of the kinetics of electron transfer across the interface of two immiscible solvents (see for example refs. 36, 37, 39, 40) . Table 1 summarizes the experimentally determined data of all studied anions. The reliability of the data determined by the three-phase electrode technique can be seen from the following comparisons of known data with those determined by us: i.e:DG À1 concentration of anions in aqueous solution), the slope of the formal potentials versus anion concentration in water, the calculated standard Gibbs energies of ion transfer and the standard deviation of the latter data. The data in Table 1 have been estimated using the previously determined value of the standard potential of dmfc + / dmfc in nitrobenzene (À0.184 V vs. Ag/AgCl (sat. NaCl)). The latter value was determined as the intercept of the calibration graph of SW formal potentials of dmfc recorded in the three-phase arrangement vs. the standard potential of transfer of anions with known Gibbs energies of transfer (i.e. ClO 4 À , CNS À , Cl
. 6 This is the right point to stress that the results obtained with the three-phase electrode technique rely on the Grunwald assumption, 42 as does the results obtained with the conventional four-electrode technique.
In all cases cyclic voltammograms were recorded with different scan rates (20 to 500 mV s
À1
) to compare the responses with those obtained by square-wave voltammetry. In all cases both methods gave essentially the same data, however, the square-wave voltammograms are superior with respect to reproducibility of formal potentials. Most probably this is due to the rather short perturbation caused by this technique. Unlike in previous studies with the dropping electrolyte electrode (four-electrode technique) 23 we could obtain reliable data for the ions ClO 1 It is interesting to stress that although the radii in the series of Cl À , Br À , and I À increase in the order as written, the radii of XO 3 À decrease in the same direction. It is worth noting here that although several attempts have been made for modifying the simple electrostatic Born theory, e.g. dividing the Gibbs energy into charge dependent and charge independent terms (the latter one is connected with the energy needed for making a cavity in the solvent to accommodate a particular solute) and taking into account hydrated (not the crystal radii) of the ions (see for example Osakai 's theory in refs. 1 and 43), non of these models is sufficiently precise to explain the exact behaviour of an ion in solution. Further theoretical studies seem to be required to establish an analytical equation of DG tr by which the Born equation (or its modification) can be replaced.
The standard Gibbs energies of transfer of the halogen substituted acetic acids decrease for each halogen from the mono-to the tri-substituted acetate. For the mono-halogen substituted acetic acids it was possible to calculate the radii from their densities and molecular weights by assuming that they have a spherical shape. Plotting the standard Gibbs energies of transfer of the ions versus the reciprocal radii did not give a linear relation. However, plotting the data versus E/r, where r is the radius of the acid molecule and E is the electronegativity of the halogen substituent, gives a linear relation (cf. Fig. 3 ). The effect of increasing electronegativity can be explained as follows: first it will decrease the charge on the carboxylate group, causing a weaker ion-dipole interaction with water and hence a smaller enthalpy of hydration. Second, the weaker hydration leads also to a smaller entropy gain when the ion is being transferred to nitrobenzene. This entropy effect may be more important than the enthalpy effect, thus stabilizing the halogen acetate ions in water with increasing electronegativity of the halogen substituents. This explanation is completely in line with the discussion of the acidity constants of the halogen substituted acetic acids. 44 Fig . 4 shows a comparison of the Gibbs free energies of ion transfer of the n-alkyl and of cyclocarboxylate anions. The Table 1 Formal potentials E n 0 C , slope of E n 0 C versus concentration of anions in aqueous phase, standard deviation of peak potentials, standard Gibbs energies of ion transfer DG n , and standard deviation of Gibbs energies of all studied anions data for n-alkyl carboxylate are published elsewhere. 28 From Fig. 4 follows that for the same number of carbon atoms the standard Gibbs energies of transfer are about 3 kJ mol À1 larger for the chain than for the ring anions. This cannot be understood by considering the hydrophobic effect because the chain ions have a larger surface area than the ring ions. The hydrophobic effect, i.e. the formation of the so-called iceberg structure around hydrophobic molecules 45, 46 will be proportional to the surface area of the molecules. Thus it must be expected that the hydrophobicity of the chain ions should be larger than that of the ring ions, which is clearly opposite to the experimental data. Also, the small differences in the molecular volumes of the chain and ring ions cannot account for these differences in Gibbs energies. A possible explanation is that the rings are more strongly solvated by nitrobenzene than the chains. It is worth noting that the addition of a methylene CH 2 group in the cyclo-rings lowers the value of DG n by about 3.5 kJ mol
. The same energetic contribution upon addition of a CH 2 group has been found for the transfer of n-alkanes from water to n-hexane, 47 n-alkyl alcohols from water to alcohol 48 and alkylcyclocarboxylic acids from water to n-heptane, 49 and also in a previous electrochemical study with the dropping electrolyte electrode. 50 In the case of the ions HSO 3 À , HSO 4 À , HCO 3 À , HS À , H 2 PO 4 À , NO 2 À , OH À , slopes of E p vs. logarithm of c (concentration of these ions in the water phase) have been observed, that cannot be explained on the basis of an ion transfer from the aqueous to the organic phase. The slopes were between 0 and 30 mV per decade of concentration. These data, taken together with unstable cyclic voltammograms during consecutive cycling, indicate that the oxidation of dmfc in nitrobenzene is followed by the transfer of the formed dmfc + ions from nitrobenzene to water. This reaction always occurs when the standard Gibbs energy of transfer of the anions from water to NB is larger than that of dmfc + from NB to water.
Conclusions
The reported data add to our knowledge of Gibbs transfer energies of simple and important anions involved in natural, technical and analytical phase transfer processes. In case of the mono-halogen substituted acetate anions, for the first time, a linear correlation was found between the standard Gibbs energies of transfer and the ratios of electronegativities for halogens to the radii of the acetate anions. Although the presented dependencies of Gibbs energies of transfer of ions on ion properties give clear indication of the involved effects, a quantitative understanding will need detailed measurements of the enthalpies and entropies of the ion transfer, spectroscopic studies of the solvation of the ions in both solvents (taking into account the rather high concentration of water in the organic phase, and vice versa), and molecular modeling of the solvated ions. Fig. 4 Comparison of the dependence of standard Gibbs energies of transfer of n-alkyl and cyclocarboxylate ions for the system waternitrobenzene.
